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Abstract:
We studied the temporal patterns of tracer throughput in the out¯ow of large (30 cm diameter by 38 cm long)
undisturbed cores from the Panola Mountain Research Watershed, Georgia. Tracer breakthrough was a�ected
by soil structure and rainfall intensity. Two rainfall intensities (20 and 40 mm hr71) for separate Cl7 and Br7

amended solutions were applied to two cores (one extracted from a hillslope soil and one extracted from a

residual clay soil on the ridge). For both low and high rainfall intensity experiments, preferential ¯ow occurred
in the clay core, but not in the hillslope core. The preferential ¯ow is attributed to well-developed interpedal
macrochannels that are commonly found in structured clay soils, characteristic of the ridge site. However, each

rainfall intensity exceeded the matrix in®ltration capacity at the top of the hillslope core, but did not exceed the
matrix in®ltration capacity at the middle and bottom of the hillslope core and at all levels in the clay core.
Localized zones of saturation created when rainfall intensity exceeds the matrix in®ltration capacity may cause

water and tracer to over¯ow from the matrix into macrochannels, where preferential ¯ow occurs to depth in
otherwise unsaturated soil. Copyright # 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Previous research on two-domain soils has attempted to describe and partition the movement of water and
solutes within and between the soil matrix and macropores (Anderson and Bouma, 1977; Rao et al., 1980a;
Luxmoore, 1981; Skopp et al., 1981; Chen and Wagenet, 1992). Macrochannels, de®ned herein as well
connected macropores, have been attributed to the preferential vertical movement of soil water and tracer.
Previous studies have shown that water movement through these interconnected channels may bypass to
depth, rather than move along a more tortuous route through the soil matrix (Bouma and Dekker, 1978;
Mosley, 1979; Beven and Germann, 1982; Tsukamoto and Ohta, 1988; Jabro et al., 1994).

Factors a�ecting preferential ¯ow include: (1) soil structure (Seyfried and Rao, 1987; Chen and Wagenet,
1992; Buttle and Leigh, 1995; Tindall et al., 1995); (2) soil hydraulic properties and pro®les (van Stiphout
et al., 1987; Jardine et al., 1990; Kung, 1990); and (3) rainfall intensity (Bouma and Dekker, 1978; Bouma,
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1981; Trudgill et al., 1983; Booltink, 1994). During high intensity rainstorms, the soil matrix in®ltration
capacity may be quickly exceeded, thereby inducing over¯ow of soil water from the matrix into interpedal
macrochannels. Macrochannels may transmit water and solutes rapidly to depth as long as the ¯ow rate
within the macrochannels exceeds the adsorption rate into the surrounding matrix (Bouma et al., 1978).
Water and solute movement within and between the matrix and macrochannels has been shown to be a
function of hydraulic and concentration gradients, but this relationship is not well understood (Jardine et al.,
1990; Luxmoore et al., 1990). The poor understanding of macrochannel ¯ow processes is due to the often
black-box nature of subsurface ¯ow, the complexity of the unsaturated ¯ow system and problems associated
with research methodologies.

Field studies lack the physical controls needed to examine properly the factors controlling preferential ¯ow
(Trudgill et al., 1983; Tsuboyama et al., 1994). In contrast, laboratory experiments of solute transport often
neglect hydrometric analysis. Furthermore, subsequent modelling of the relative contributions to ¯ow from
the soil matrix and macrochannels is often based on qualitative analysis of breakthrough curves (BTCs)
(Skopp et al., 1981; Smettem, 1984). Soil samples used in laboratory experiments are generally too small to
comprise an adequate representative elementary volume (Bouma, 1981). Results obtained from laboratory
experiments using arti®cial soil structures (sieved soil, glass beads or arti®cial aggregates) do not approximate
natural structured soils (Rao et al., 1980b; Smettem, 1986; Buttle and Leigh, 1995). The research reported
herein focuses on vertical preferential movement of water and conservative tracers in large (30 cm diameter by
38 cm long), undisturbed soil cores. This study is part of a larger e�ort to examine and model the movement
of water and solutes at the hillslope scale (Huntington et al., 1993; McDonnell et al., 1996; Freer et al., 1997).

Field rationale for laboratory study

Previous ®eld research at the Panola Mountain Research Watershed (PMRW), 25 km south-east of
Atlanta, where soil cores were extracted for this study, suggests that preferential ¯ow in¯uences vertical
movement of water and tracers. For example, Huntington et al. (1994) applied 46 g m72 lithium bromide to
a 20 m� 20 m area on a forested ridgetop site underlain by a 4-m deep regolith. Bromide (Br7) migration
was monitored by analysis of bulk soil solution extracted from soil samples, tension lysimeter water and
groundwater (Figure 1). Huntington et al. (1994) found that macrochannels were e�ective preferential
pathways in unsaturated conditions in the south-western ridge of PMRW. Huntington et al.'s (1994) results
were similar to those observed by both Jardine et al. (1990), who studied a soil pedon in Walker Branch
Watershed, Tennessee, andMcDonnell (1990), who studied subsurface hydrological pathways at the Maimai
(M8) Catchment, New Zealand. Jardine et al. (1990) and McDonnell (1990) suggested that rainfall created
localized zones of saturation, which caused water and tracer lateral movement from small to large pores that
channelled water and tracer to depth. Huntington et al.'s (1994) results, however, were uncertain because of
the periodic, non-event based sampling scheme used in that research. O�-site movement of Br7 further
complicated the interpretation of results and the computation of Br7 mass transport.

Hydrometric measurements have also been made at the soil core extraction site. N. E. Peters (US Geo-
logical Survey, written communication, 1994) measured temporal and spatial variations in soil moisture
using TDR and groundwater level measurements at a PMRW ridgetop forested site (adjacent to the LiBr
tracer site). An analysis of the hydrometric data suggests that water was transmitted rapidly to depth during
moderate to high magnitude rainstorms as well as during smaller magnitude rainstorms in wet periods
(Figure 2). The 183 cm deep ridgetop well in Figure 2 is 3 m from the TDR site. The well consists of 5.1 cm
diameter PVC screened over the bottom 76 cm and is monitored using a ¯oat-counterweight, potentiometer
system (Peters, 1994). The downslope well in Figure 2 is located 15 m from the ridgetop well and is 259 cm
deep with a screen and monitoring assembly similar to the ridgetop well.*

*The soil at the ridgetop site contains an aquitard at about 185 cm, as evidenced by previous measurements of soil moisture tension
throughout the 4 m soil/regolith pro®le (Art White, US Geological Survey, personal communication, 1995). The aquitard probably
does not exist in the soil at the downslope well due to downslope instability and mass wasting.
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The hydrological response of the ridgetop site to an intermediate intensity, 34 mm rainstorm on 4±5 of
April 1993 and a 15 mm rainstorm on 9 April, when the catchment was relatively wet, is shown in Figure 2.
Neither TDR volumetric soil moisture contents nor groundwater elevations were calibrated. However, the
relative changes and timing of the changes in soil moisture content and groundwater levels relative to rainfall,
indicate a rapid change in the surface soil horizon moisture content and a corresponding change in the
saturated zone at depth. A change in water content at intermediate soil depths in the unsaturated zone did
not occur until after the groundwater response. A wetting front, however, moved uniformly through the
unsaturated zone as evidenced by the change in moisture content sequentially at each TDR probe pair with
depth through the soil pro®le. These results, and data for other storms throughout the year, suggest that
preferential ¯ow occurs at PMRW, and that the timing of matrix ¯ow is strongly dependent on rainfall
intensity and magnitude, and antecedent soil wetness.

The laboratory study reported herein builds upon the studies reported above by using hydrometric and
tracer techniques on large (30 cm diameter by 38 cm long), undisturbed soil cores taken from di�erent
catchment areas to evaluate: (1) the in¯uence of rainfall intensity on tracer arrival time and breakthrough
from the cores; (2) the in¯uence of inferred soil structure on the relative contributions of soil matrix and
macrochannel ¯ow to core export; and (3) the in¯uence of rainfall intensity and inferred soil structure on soil
saturation.

Figure 1. Location of study sites at the Panola Mountain Research Watershed, Georgia
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STUDY SITE

PMRW is located about 25 km south-east of Atlanta, Georgia (longitude 848100W, latitude 338370N). The
watershed is 95% forested, dominated by southern hardwood and loblolly pine (Cappellato and Peters,
1995). The watershed is a headwater catchment and the slopes are somewhat steeper than average for the
southern Piedmont physiographical province (Huntington et al., 1993). The US Geological Survey (USGS)
has monitored a variety of hydrological and biogeochemical parameters in the 41 ha watershed since 1985.
For the 1986±1995 water years (October±September), rainfall averaged 1190 mm yr71, runo� averaged
364 mm yr71 (30% water yield) and air temperature averaged 15 8C.

Soils are mainly Ultisols developed in colluvium and residuum intergrading to Inceptisols in highly eroded
landscape positions (Huntington et al., 1993). Entisols occur near stream banks. Soil and saprolite depths
are highly variable throughout the catchment, but the regolith averages from 1 to 2 m thick on the hillslopes
underlain by the Panola Granite; thicker deposits are located near the stream channels. The Ashlar±Wake
complex occurs on the side slopes near the southwestern ridge, where the dominant clay mineral is kaolinite.
The Ashlar±Wake complex is described as very bouldery slopes ranging from 15 to 45%.

The south-western watershed ridge soils (Figure 1) are from the Madison series which is characterized by a
yellowish brown, sandy loam to 15 cm depth and a strong brown sandy clay loam from 15 to 23 cm. Red clay

Figure 2. Temporal variations in volumetric soil moisture content of horizontal TDR probes at several soil depths, rainfall rate and
groundwater levels at and adjacent to a ridgetop site at the Panola Mountain Research Watershed during 4±11 April 1993
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is present from 23 to 76 cm, yellowish red sandy clay loam extends from 76 to 89 cm. A yellowish red
saprolite, dominated by a mica schist, extends through the remaining pro®le. Depth to bedrock is typically
more than 2 m.

Hillslope soils exist downslope from the ridgetop. These soils are from the Ashlar±Wake complex and are
characterized by a very dark, greyish brown sandy loam surface layer to 7 cm depth and a yellowish brown
sandy loam subsoil. Material underlying the subsoil is typically a brown, sandy loam to approximately
66 cm, followed by a soft bedrock layer of highly weathered granite to 86 cm and a hard bedrock layer.

METHODS

Large `undisturbed', intact soil cores (30 cm diameter by 38 cm long) were extracted from two separate
PMRW sites using the extraction technique described by Tindall et al. (1992). One core was extracted from
the south-western ridge and one core was extracted from the soils downslope of the ridge site (Figure 1).*
Four small soil cores (5 cm diameter by 30 cm long) were also extracted from each site for laboratory bulk
density (Db) analysis.

The small soil cores were carefully cut at the observed soil horizon boundaries, producing discrete
`horizon' cores of known volume. Each core was then saturated from the base to the top, and placed on a
tension table. Tension was applied simultaneously to each core in discrete increments. Cores were allowed to
equilibrate and were weighed between applied tension. After all tension had been applied, the cores were
oven-dried at 105 8C for 24 hours. Db values were determined for each horizon core. The experimental Db

values were used to determine large core porosities as follows (Klute and Dirksen, 1986)

Porosity � 1 ÿ �Db=Dp�

where Db� bulk density (g cm73) and Dp� particle density, (2.65 g cm73). The length of observed soil
horizons were measured and multiplied by the calculated respective porosity values to determine total large
core pore volumes. (see Table III, later).

The south-western ridge soils are clayey, kaolinitic, thermic Kanhapludults from the Madison series.
These soils are well drained, moderately permeable and are formed in the residuum weathered from felsic and
intermediate, micaceous high-grade metamorphic rock. The hillslope soils are coarse-loamy, mixed, thermic
Typic dystrochrepts from the Ashlar series. These are moderately deep and well drained soils formed from
the weathered products of granite and gneiss. Soils from the Ashlar series are permeable and drainage is
rapid throughout these soils.

Each of the large cores contained many large tree roots to depth but remained intact after extraction at a
®eld laboratory. Once extracted, each core was placed on a 1 bar, high-¯ow porous ceramic plate, which
rested on an aluminum plate and foundation, and was encased in para�n to preserve soil structure as
outlined in Tindall et al. (1992). All cores were transported to the SUNY College of Environmental Science
and Forestry, Soil Physics Laboratory for subsequent study.

Laboratory preparation and analysis

Carbon dioxide was applied to the base of each core through an inlet tube in the centre of the aluminum
plate for 24 hours. Carbon dioxide is more soluble than air, and ¯ushing the core with CO2 reduces air
entrapment. After ¯ushing with CO2 , each core was treated with a deaerated (0.02 M) Ca(NO3)2

. 4H2O
solution to minimize colloidal dispersion into the soil solution. Each core was slowly saturated from below
for 1±2 days, until a 5 cm head existed on each core.

Three recording tensiometers (McDonnell, 1993) were inserted into each saturated core to measure matric
and pressure potential (Figure 3). The tensiometers were inserted into holes of slightly smaller diameter,

*A total of six cores were extracted from the sites Ð the four cores not discussed in the results section were used as test cores for
preliminary analysis of core response and tracer breakthrough.
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drilled at a 408 angle through the para�n wax and core. Tensiometer porous cups were positioned in the
centre of the core at 10, 20 and 30 cm vertically from the core soil surface. After tensiometer insertion, the
para�n wax boundary was resealed.

In situ soil water characteristic (drainage) curves were obtained by continuous recording of soil moisture
tension after disconnecting the inlet tube from the Ca(NO3)2

. 4H2O solution and allowing the core to drain.
Twenty-four hours after obtaining the drainage curve, the ceramic and aluminum plates were detached from
each core base and replaced with wire mesh-lined, perforated plexiglass. For each core, the plate removal
disturbed the lower 5 cm of soil. The disturbed material was removed with a sharp knife. A large PVC funnel
(Figure 3) was placed beneath the perforated plexiglass to collect drainage during rainfall simulation
experiments.

Figure 3. Instrumentation for the soil core experiments
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Before rainfall simulations were conducted and between runs, the hillslope and clay core antecedent
moisture conditions were equivalent to each other. Two rainfall simulations, or runs, were completed. The
rainfall apparatus consisted of a calibrated, oscillating sprinkler system suspended approximately 30 cm
above the core surface. Water was applied to the core surface as evenly as possible during each rainfall
simulation. Run 1 consisted of 2 l of (0.025 M) CaCl2 sprinkled on each core at 20 mm hr71, followed by
two pore volumes of tracer-free (0.02 M) Ca(NO3)2

. 4H2O. Run 2 consisted of 2 l (0.025 M) CaBr2
. 2H20

sprinkled on each core at 40 mm hr71, followed by two pore volumes of tracer-free (0.02 M)
Ca(NO3)2

. 4H2O. E�uent ¯ow (out¯ow) from the core base was continuously collected, until drainage
ceased, through a funnel positioned underneath the core base that drained into a glass jar. Drainage was
transferred at 20 minute intervals from the glass jar into a beaker and measured. At the 20 minute point, a
discrete out¯ow sample was collected by removing the glass jar from the core base and replacing it with a
50 ml collection vial. The vial was analysed for tracer concentration using a Fisher ion selective electrode
(precision of+5 mg l71). The discrete samples represented the tracer concentration at that point in time for
the experiment.

Model

An approximate analytical model was applied to each rainfall simulation (Rose et al., 1982). For each
core, the mean solute penetration depth (about which dispersion occurs) was computed for vertical leaching
of non-sorbed solutes by solving the dispersion equation when the mean solute penetration depth was
known. The mean solute penetration depth was associated with the maximum solute concentration. In
previous studies, the Rose et al. (1982) model provided a useful interpretation of experimental data by
assuming the convective/dispersion equation was valid under non-steady-state conditions when an equiv-
alent constant ¯ux was used (see Chichester and Smith, 1978).

In this study, the Darcian equivalents for dispersivity (e) and mobile water content (ym) for each core were
determined using the simple model e�ciency maximization equation, EFF (Buttle and Leigh, 1995):

EFF �

Xn
i�1
�Oi ÿ s�2 ÿ

Xn
i�1
�Oi ÿ Pi�2

" #
Xn
i�1
�Oi ÿ s�2

where Oi is the observed value at time period i, O is the mean of the observed values, Pi is the predicted value
at time period i and n is the number of time periods.

Predicted breakthrough curves (BTCs) were obtained by maximizing the model e�ciency equation. Owing
to the lack of a rigorous optimization technique, e and ym values may not be well de®ned. Therefore,
although these values provide a means of comparison between each core, their physical meaning to PMRW
®eld situations is uncertain (Buttle and Leigh, 1995).

RESULTS

The out¯ow from each core base, BTCs and internal hydrometric and model results are compared below for
the hillslope and clay cores. The results are separated by run. The results of the soil physics characterization
are summarized in Table I. A summary of the mass balances for both cores during runs 1 and 2 is provided in
Table II.

Out¯ow hydrographs

Run 1. Core out¯ow for the hillslope and clay cores is shown in Figure 4A and 4. The mean and range
in out¯ow were similar for each soil during run 1. Hillslope core out¯ow began 0.13 hr after rainfall
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commenced, ranged from 13 to 21 mm hr71; and averaged 18.8 mm hr71. Clay core out¯ow began 0.38 hr
after rainfall commenced, ranged from 11 to 20 mm hr71; and averaged 17.6 mm hr71.

For the hillslope core, only one early drainage pulse, which attained a maximum of 16 mm hr71 at 1 hr
into run 1, was observed (Figure 4A). Out¯ow then decreased at 2 hr before increasing to 19 mm hr71 at
3 hr and remained relatively constant until 10.33 hr, when out¯ow began to decline gradually. At 12 hr,
out¯ow increased again from 16 to 20 mm hr71 and remained relatively constant until the end of run 1.
Drainage from the core ended at 19 hr, 1 hr after rainfall application ended.

For the clay core, out¯ow increased rapidly, though less rapidly than for the hillslope core, from
11 mm hr71 at 1 hr to 19 mm hr71 at 3 hr (Figure 4B). After this initial pulse, drainage decreased brie¯y to
16 mm hr71 at 4 hr, before increasing at 5 hr where it was relatively constant at c. 18 mm hr71. Out¯ow
remained at this rate until 11 hr, when drainage increased and reached a maximum of 20 mm hr71.
Drainage then decreased gradually and remained constant until drainage ended at 20 hr, 2 hr after rainfall
application ended.

Run 2. Out¯ow rate means and ranges for run 2 were similar for the hillslope and clay cores. Hillslope
core out¯ow began 0.17 hr after rainfall application, ranged from 26 to 52 mm hr71; and averaged 40.5 mm
hr71. Clay core out¯ow began 0.3 hr after rainfall application, ranged from 25 to 50 mm hr71; and averaged
39.5 mm hr71. Out¯ow from each core was irregular and was marked by two drainage pulses of similar
magnitudes (Figure 4C and 4D).

Table I. Soil physics data: bulk density (Db), porosity, and Ksat values obtained from small (5 cm diameter by 30 cm)
cores extracted from PMRW study sites. Db obtained from the gravimetric method, Ksat values obtained from the
constant head method. Porosity time domain re¯ectometry (TDR) obtained from in situ rod pairs located in the top
(10 cm), middle (20 cm), and bottom (30 cm) horizons of the large, experimental cores. Kun calculated by the method of

Sami and Buttle (1991)

Core position Db (g cm73) Ksat (cms
71

) Kun (cm s71)
Run 1

Kun (cm s71)
Run 2

Porosity
(small cores)

Porosity
(TDR)

pv (l)

Hillslope core
Top NA* 1.79� 1072 1.19� 1074 1.98� 1074 NA 0.65 11.09
Middle 1.41 7.83� 1073 8.67� 1073 0.47 0.58
Bottom 1.38 1.93� 1072 1.88� 1072 0.48 0.51

Clay core
Top 1.22 4.20� 1072 2.43� 1072 3.06� 1072 0.54 NA 11.03
Middle 1.57 3.36� 1072 6.08� 1072 0.42 0.49
Bottom 1.56 5.60� 1072 4.58� 1072 0.41 0.52

* NA is not available.

Table II. The collected total out¯ow, measured ¯ux and calculated change in storage from each core base during runs
1 and 2. The calculated % of tracer recovery is presented as a percentage of total applied tracer for each core during runs

1 and 2

Total out¯ow (l) D Storage (l) % Tracer recovered (mg) Observed ¯ux (mm/hr)

Hillslope core
Run 1 24.0 �1.4 85 18.8
Run 2 26 ÿ0.3 105 17.6

Clay core
Run 1 21 �4.5 90 17.6
Run 2 22 �3.5 109 41.4
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For the hillslope core, out¯ow increased from 26 mm hr71 at 1 hr to 38 mm hr71 at 2 hr into run 2.
Out¯ow decreased slightly to 37 mm hr71 at 3 hr, before decreasing to 30 mm hr71 at 4 hr. Drainage
increased signi®cantly to 52 mm hr71 at 5 hr. By 6 hr, the second drainage pulse had passed through the
core and out¯ow decreased to 45 mm hr71; where it remained relatively constant until rainfall ended at 9 hr.
Drainage from the core ended by 10 hr, 1 hr after rainfall application ended.

For the clay core, out¯ow increased from 25 mm hr71 at 1 hr to 35 mm hr71 at 2 hr (Figure 4D). Out¯ow
decreased to 34 mm hr71 at 3 hr and increased rapidly to 50 mm hr71 at 4 hr. Out¯ow at 5 and 6 hr was
steady at 44 mm hr71 before increasing to 47 mm hr71 at 7 hr into run 2. Owing to spillage of the out¯ow
collection vials, out¯ow from 7 to 9 hr was omitted from the graph. Drainage from the core ended at 10 hr,
1 hr after rainfall application ended.

Breakthrough curves

Run 1. The temporal trends in the tracer out¯ow are presented as the exported relative concentration
(C/Co) of the respective tracer for each 0.33 hr time unit (also see Table II). The Cl7 tracer was ®rst detected
in the hillslope core out¯ow after 4.66 hr (Figure 4A). Out¯ow relative Cl7 concentration increased gradu-
ally between 5 and 6 hr and increased markedly to 0.23 at 7 hr. Out¯ow Cl7 concentration reached a
maximum of 0.35 at 8.2 hr and decreased to 0.05 at 12 hr. A relatively gradual recession occurred from 12 to
18.2 hr, when Cl7 ceased to appear in out¯ow. Of the applied Cl7 48% was recovered between 4.66 and

Figure 4. Relative tracer concentration (C/Co), out¯ow rate and cumulative tracer export and out¯ow: (A) Run 1 (Cl7 rainfall appli-
cation rate of 20 mm hr71) for the hillslope core; (B) run 1 for the clay core; (C) run 2 (Br7 rainfall application rate of 40 mm hr71);

and (D) run 2 for the clay core
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8.2 hr, 32% between 8.2 and 12 hr, and 5% from 12 hr to the end of run 1, making a total of 85% of applied
Cl7 recovered. The Cl7 in the out¯ow was normally distributed from 4.66 to 12 hr; resulting in a unimodal,
symmetrical BTC. The Cl7 transport is consistent with the out¯ow hydrograph because drainage was
constant during the same period at c. 20 mm hr71.

For the clay core, the Cl7 tracer ®rst arrived in the out¯ow 1 hr into run 1 and increased steadily to a BTC
peak of 0.24 at approximately 4.66 hr (Figure 4B). Out¯ow Cl7 concentration decreased at 5 hr and rose
slightly at 5.66 hr forming the second BTC maximum. The out¯ow relative Cl7 concentration decreased
gradually for the remainder of run 1. Drainage from the core ended at 15.4 hr, 2.2 hr before rainfall ended.
Of the applied Cl7, 35% was recovered from 1 to 4.66 hr, 9% from 4.66 to 5.33 hr and 46% of applied Cl7

was recovered during the remainder of run 1. The total applied Cl7 recovery was 90%.

Run 2. Bromide was ®rst observed in the hillslope core out¯ow at 1.66 hr, and reached a maximum relative
concentration of 0.40 at 4 hr into run 2 (Figure 4A). Applied Br7 decreased rapidly until 5.33 hr, when Br7

out¯ow continued to decrease but in a relatively gradual manner. Bromide recovery was 60% from 1.66 to
4 hr. A total of 97% of applied Br7 was recovered at 5.33 hr. Bromide drainage from the core ended at
9.66 hr, 0.66 hr after rainfall application ended.

Bromide export for the clay core began at 0.66 hr and increased to a BTC peak of 0.28, 2 hr into run 2
(Figure 4D). Tracer export decreased to 0.26 until 3 hr, before decreasing gradually throughout the
remainder of run 2. Total applied Br7 recovery was 27 and 58%, respectively, by 2 and 3 hr into run 2. Of
the total applied Br7, 51% was recovered throughout the remainder of run 2. Bromide drainage from the
core ended at 10 hr, 1 hr after rainfall application ended.

Tensiometer responses

In all experiments, each of the three tensiometers responded simultaneously to applied rainfall and
returned to higher tension within 0.17 hr of the end of rainfall (Figure 5). Tensiometer data show that neither
core was fully saturated during runs 1 and 2. It is unclear whether minor ¯uctuations in tension from the top
and middle tensiometers are a result of rainfall in®ltration, inadvertent variations in the rainfall application
rate or wetting front perturbations, as reported elsewhere (Tindall et al., 1992). A consecutive, progressive
shift in tensiometer response from the core top to bottom was expected to precede drainage of matrix water.
However, the simultaneous tensiometer responses in each core during each run and the pulsing of core
drainage suggest that preferential pathways in¯uence water movement in each core regardless of rainfall
application rate.

Run 1. For the hillslope core, matric potentials for each tensiometer remained relatively constant
throughout run 1, following an initial response upon wetting (Figure 5A). This agrees with the relatively
constant drainage rate and uniform concentration increase and decrease of Cl7 in core e�uent.

For the clay core, the bottom tensiometer matric potential remained constant throughout run 1
(Figure 5B). Tensiometer responses in the top and middle horizons of the clay core correspond with the
hydrograph results. Clay core top and middle tensiometers indicated `wetting-up' from 0 to 2 hr, which is
consistent with the ®rst appearance of Cl7 in out¯ow at 1.33 hr and the initial drainage pulse peak at 3 hr
(Figure 4B). The BTC peak at 4.33 hr is consistent with the passage of the initial drainage pulse peak. A
second BTC peak occurred at 5.33 hr. Matric potential of the top and middle horizons remained relatively
constant, but exhibited a slight trend of increasing matric potential between 3 and 11 hr. During this period,
out¯ow was relatively constant at c. 18 mm hr71 and Cl7 concentration in out¯ow decreased gradually
(often referred to as BTC tailing) from 5.33 hr for the remainder of the run. Out¯ow decreased to
c. 15 mm hr71 at 15 hr as the mean matric potential of the top and middle tensiometers increased slightly for
the remainder of run 1.
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Run 2. Consistent with all runs, tensiometers responded simultaneously upon the application of rainfall to
the hillslope core during run 2. From 0 to 2.33 hr into run 2, the matric potential of the top and middle
tensiometers decreased from ÿ30 and ÿ21 to ÿ12 and ÿ11 cm H2O, respectively, which is consistent with
the occurrence of the ®rst drainage pulse (Figure 5C). Matric potential at the top and middle tensiometers
increased slightly between 2.33 and 2.66 hr, coinciding with a relative Br7 concentration (C/Co) increase
from 0.01 to 0.17 at 2.33 and 3 hr, respectively. Matric potential then decreased until 4.33 hr, which is
consistent with the BTC peak at 4 hr and the second drainage pulse peak at 5 hr. Bromide concentration in
drainage decreased rapidly by 6 hr. Both the matric potential of the top and middle horizons and out¯ow
remained relatively constant throughout the remainder of run 2.

For the clay core, tensiometer responses are also consistent with the hydrograph and BTC results from
run 2. The matric potential of all tensiometers decreased immediately upon the application of rainfall
(Figure 5D). The matric potential of both the top and middle tensiometers then increased until 2 hr,
coincident with the ®rst drainage peak at 2 hr and the BTC peak at 2.33 hr. The matric potential of the top
and middle horizons increased rapidly from 2.33 to c. 3 hr as Br7 concentration in drainage decreased and
the second drainage pulse began.Matric potential of the top and middle tensiometers decreased by c. 3.33 hr,
which is consistent with the second drainage pulse peak of 50 mm hr71 and the rapid movement of the Br7

tracer solution to the core base.

Figure 5. Temporal and spatial variations in soil moisture tension (matric potential) and out¯ow rate: (A) run 1 (Cl7 rainfall application
rate of 20 mm hr71) for the hillslope core; (B) run 1 for the clay core; (C) run 2 (Br7 rainfall application rate of 40 mm hr71) for the

hillslope core, and; (D) run 2 for the clay core
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Modelling

The approximate analytical model (Rose et al., 1982) e�ciencies and Darcian equivalents for mobile water
content (ym) and dispersivity (e) for each core during runs 1 and 2 are listed in Table III. Model e�ciencies
for each run equalled or exceeded 95%.

Run 1. The hillslope core in run 1 had a ym of 0.445 Ð the highest mobile water content for any core or
run. Furthermore, e was 0.009 m, which was relatively small compared with the other core and runs. The
small e, high ym and symmetrical BTC indicate a well-drained porosity and limited mixing between the
matrix and macrochannels. The clay core ym was 0.300 for the same run indicating that water moved through
a smaller e�ective pore geometry than in the hillslope core. However, e was 0.053, which was relatively high
compared with the hillslope core. The relatively high e, asymmetrical BTC and pulsing of core drainage
suggest that water and tracer were partly exchanged between the matrix and macrochannels.

Run 2. The hillslope core ym in run 2 was 0.430, only slightly less than that for run 1 (Table III), indicating
a large contributing area to ¯ow. However, e was 0.0054, the lowest of the four experiments, suggesting the
most limited exchange of water and tracer between the matrix and macrochannels occurred during this run.
For the clay core, ym was 0.290, which indicates that the clay core had the smallest e�ective pore geometry
contributing to ¯ow relative to the other rainfall simulations. The clay core e was 0.035, which suggests a
relatively large exchange of water and tracer between matrix and macrochannels.

In summary, the model produced higher ym and lower e values for the hillslope core than the clay core.
This is indicative of a higher e�ective pore geometry and more mixing between pre-event and event water in
the hillslope relative to the clay core. Furthermore, tracer appeared later in the out¯ow from the hillslope
than in the clay core for all experiments, indicating a larger contribution of ¯ow from the matrix in the
hillslope core.

DISCUSSION

Physical and chemical response of the cores

It should be noted that we do not have any direct evidence pertaining to core soil structures. We have
inferred soil structure di�erences between the hillslope and clay cores. In particular, inferences regarding soil
structure are based on previous studies in which clay soils, similar to those collected from the ridge site, have
been shown to have macrochannels (Bouma et al., 1977, 1978; Bouma and Dekker, 1978; Jardine et al.,
1990). Our inferences also come from direct ®eld observations of cracking and interpedal structure revealed
during the core extraction process at PMRW.

Table III. Mobile water content (ym), and dispersivity (e) values obtained from appli-
cation of the approximate analytical model of Rose et al. (1982) for the hillslope and
clay cores during runs 1 and 2. Model e�ciencies were derived from a trial and error

optimization equation, as presented in Buttle and Leigh (1995)

Core and run ym e Model e�ciency

Hillslope core
Run 1 0.445 0.009 0.95
Run 2 0.430 0.0054 0.99

Clay core
Run 1 0.300 0.053 0.99
Run 2 0.290 0.035 0.98
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Run 1. Matrix ¯ow dominated water and tracer delivery from the hillslope core during run 1. Although
initial tensiometer data suggest that macrochannels preferentially channelled event water to depth,
concentration gradients may have caused event water within macrochannels to move into the matrix. Matrix
¯ow then appeared to dominate water and tracer delivery in the hillslope core throughout run 1.

Previous studies have shown that when rainfall intensity exceeds the conductivity of matrix pores, water
over¯ows from the matrix into larger, interpedal macrochannels, which then transmit water to depth
(van Genuchten and Wierenga, 1976; Bouma and Dekker, 1978; Beven, 1981; Beven and Germann, 1982;
Booltink, 1994). At depth, however, some of the tracer in event water moves from macrochannels into the
matrix owing to hydraulic and concentration gradients. This corresponds with the results of Jardine et al.
(1990), who monitored Br7 movement in a soil pedon in the Walker Branch Watershed, Tennessee. Similar
water and solute movement has been observed by Luxmoore et al. (1990) and Huntington et al. (1994). How-
ever, in these other studies the soils were drier prior to tracer mobility, and hydraulic gradients probably had
amore dominant role in controlling tracer movement into the matrix than for the experiments described here.

For the hillslope core, macrochannel event water appeared to displace pre-event water producing the ®rst
drainage pulse of tracer-free water from 0.13 to 2 hr into run 1. Water and tracer then moved to depth
through the matrix for the remainder of run 1, as suggested by the relatively large ym. The modelled, low e
indicates that water and tracer exchange between the matrix and macrochannels was limited (Smettem, 1984;
De Smedt et al., 1986; Youngs and Leeds-Harrison, 1990; Buttle and Leigh, 1995) which suggests pre-
dominantly matrix ¯ow. In addition, out¯ow remained relatively constant at c. 20 mm hr71 after 3.2 hr. The
lack of any distinct large drainage pulses is characteristic of matrix ¯ow. The gradual increase and decrease in
tracer concentration is indicative of a well-mixed, constant transport of tracer commonly attributed to matrix
¯ow (Freeze and Cherry, 1979; Nkedi-Kizza et al., 1982; Seyfried and Rao, 1987; Youngs and Leeds-
Harrison, 1990; Buttle and Leigh, 1995).

For the clay core, both preferential and matrix ¯ow appeared to transport water and tracer during run 1.
Preferential ¯ow appeared to displace pre-event water to produce the ®rst drainage pulse of tracer free water
from 0.17 to 1.66 hr into run 1 (Figure 4B). Concurrently, we infer that pre-event and event water mixed
behind the `displacement front' before moving to depth through macrochannels. The mixing of pre-event
and event water also is supported by the BTC results. Asymmetrical BTCs, marked by a rapid increase to
tracer maximum followed by a gradual decrease, and having an early arrival of tracer in the out¯ow, are
commonly attributed to preferential ¯ow. Such BTCs depict tracer by-passing of the tortuous soil matrix as
described by the mobile±immobile model (MIM) of van Genuchten and Wierenga (1976). Seyfried and Rao
(1987) and Binley et al. (1996) obtained similar BTCs, which were attributed to preferential ¯ow. Model
results from this experiment (relatively low ym and a high e) indicate that water moved through a smaller
e�ective pore geometry than in the hillslope core, and water and tracer were exchanged between the matrix
and macrochannels of the clay core. The asymmetric BTC, initial drainage pulse and model results suggest
that water and tracer were preferentially transported in the clay core through a relatively small pore space
between 1 and 5.2 hr.

After the passage of the initial drainage pulse between 1 to 5.2 hr, matrix ¯ow appears to have dominated
in the clay core. We suggest that tracer was ¯ushed gradually from the matrix after the passage of the initial
tracer pulse, as discussed in van Genuchten and Wierenga (1976) and observed by Seyfried and Rao (1987).
The extensive BTC tailing between 5.33 and 15 hr substantiates this and is consistent with the results of
Seyfried and Rao (1987), who conducted miscible displacement experiments on unsaturated, undisturbed
clay loam soil cores and evaluated the BTCs. Seyfried and Rao (1987) concluded that when changing from
saturated to unsaturated conditions, water drains from the macrochannels ®rst, which allows air to enter
these large pores. Because of the impedance e�ect of air on water and tracer movement from the matrix into
the macrochannels, the hydraulic conductivity of the soil then becomes that of the matrix only, decreasing
the e�ective pore geometry (Seyfried and Rao, 1987). In this experiment, the limited exchange of water and
tracer between the matrix and macrochannels may have been caused by air impedance, also described by
Youngs and Leeds-Harrison (1990).

Copyright # 1999 John Wiley & Sons, Ltd. HYDROLOGICAL PROCESSES, VOL. 13, 139±155 (1999)

PREFERENTIAL FLOW 151



Run 2. Water and tracer appeared to be transported by matrix ¯ow in the hillslope core during run 2. It is
likely that water and tracer moved very rapidly through the matrix as indicated by the very slight tailing of
the Br7 BTC. The modelled ym, which was the second highest of all runs, is indicative of matrix ¯ow and
therefore supports this conceptual model. The small modelled e is typical of a small exchange between
macrochannels and the soil matrix. The tensiometer data, limited BTC tailing and large ym suggest that the
high intensity rainfall ¯ushed event water and tracer through the soil matrix quickly.

For the clay core during run 2, preferential and matrix ¯ow appear to have contributed to vertical water
and tracer transport. Rainfall intensity exceeded matrix in®ltration capacity (McDonnell, 1990) which may
have resulted in the over¯ow of mixed water from the matrix into macrochannels, where mixed water moved
to depth. Synchronous tensiometer responses regardless of depth 0.13 hr into run 2 demonstrate this. Also,
the appearance of tracer in the out¯ow at 0.66 hr indicates that event water was transmitted rapidly through
the core.

We infer that after the initial tensiometer response, the soil matrix transported water to depth. We
hypothesize that, at depth, the matrix `wetted-up' and transported water into macrochannels, which caused
matric potentials to increase in the top of the core from 0 to 2.33 hr. Well-developed interpedal macro-
channels that are common in structured clays (Bouma and Dekker, 1978; Bouma et al., 1978; Bouma, 1980)
and probably are the e�ective conduits within the core facilitated the rapid tracer movement to depth. The
passage of the initial drainage pulse at 3 hr and the 58% Br7 recovery support this conceptual model. As the
tracer-free rainfall application continued, event water moved through the matrix, ¯ushing residual tracer
from the matrix throughout the remainder of run 2. Slight BTC tailing from 4 to 9 hr corroborates this. The
model results indicate that water and tracer were transported through the smallest e�ective pore geometry
relative to all other runs.

Links to ongoing ®eld studies

The results of this laboratory study are corroborated with those of a concurrent hydrometric and
hydrochemical ®eld study, conducted fromMay 1994 to April 1995, at the base of a south-facing hillslope at
PMRW (Ratcli�e et al., 1996; Peters and Ratcli�e, 1998). The soils at this site were not extensively
characterized, but because of similar bedrock geology and landscape position are probably similar to the
hillslope soil used here. An evaluation of the timing and ¯ow rate of zero-tension lysimeters and temperature
changes of soil and groundwater indicates that rain water was transported rapidly to the saturated zone
during moderate (0.1±0.5 mm hr71) to high (40.5 mm hr71) intensity and high magnitude (420 mm)
rainstorms (Ratcli�e et al., 1996). An evaluation of Cl7 concentrations of sequential samples of precip-
itation, throughfall, soil water and groundwater for the same site also indicate rapid transport of event water
to the saturated zone (Peters and Ratcli�e, 1998). Furthermore, mixing between pre-event water in the
matrix and event water transported in macropores was not important during the very dry antecedent
conditions that typically occur during the growing season, but was important during the dormant season
when the catchment was wetter.

The ®eld results are consistent with patterns observed for the degree of mixing and importance of matrix
¯ow in the soil cores of the laboratory study. In both the growing or dormant season, ¯ow from zero-tension
lysimeters at depth was rapid (Ratcli�e et al., 1996; Peters and Ratcli�e, 1998). Antecedent moisture
conditions for soil cores at the onset of the experiments reported herein were most similar to those of the
dormant season rainstorms at PMRW (Peters and Ratcli�e, 1998). The relatively large contribution of pre-
event water to ¯ow in the zero-tension lysimeters may re¯ect mixing of matrix and macrochannel water
during transport, consistent with the results for the hillslope cores.

CONCLUSIONS

Tracer magnitude and arrival in out¯ow of large (30 cm diameter by 38 cm long), undisturbed hillslope and
ridge (clay) soil cores from the Panola Mountain Research Watershed, Georgia, are a�ected by soil structure
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and rainfall intensity. Soil structure a�ects the hydrological pathways by which water and tracer are trans-
ported through the cores. Two rainfall intensities, 20 and 40 mm hr71, for separate Cl7 and Br7 amended
solutions were applied to the cores. For both the relatively low and high rainfall intensity experiments,
preferential ¯ow occurred in the clay soil, but not in the hillslope soil. The preferential ¯ow is attributed to
inferred, well-developed interpedal macrochannels, that are commonly found in structured clay soils, and
that in¯uence tracer magnitude and time of peak breakthrough.

The existence of macrochannels does not necessarily result in preferential ¯ow along macrochannels to
depth in unsaturated soils. Air pockets within macrochannels in unsaturated conditions may impede the
movement and mixing of water and tracer between the matrix and macrochannels, con®ning ¯ow within the
soil matrix. Because the matrix ®lls before the macropores, the matrix may saturate if rainfall intensity is
greater than the matrix in®ltration capacity. In addition, tree roots as large as 6.4 cm were observed in both
the hillslope and clay core. The tree roots may have in¯uenced or discouraged vertical water movement
depending on the tree root geometry.

During all experiments, preferential ¯ow occurred to some extent in both soils, independent of soil
structure. Consequently, rainfall intensity and inferred soil structure a�ect the development of subsurface
saturation. In this study, each rainfall intensity exceeded the matrix in®ltration capacity throughout the clay
core, but only at the top of the hillslope core. Nevertheless, evidence of preferential ¯ow was demonstrated
by the tensiometer response (hillslope and clay), out¯ow rate and breakthrough curves for the clay core
during each rainfall intensity.

Preferential ¯ow through macrochannels continues as long as the ¯ow rate in them exceeds the rate of
absorption into the surrounding matrix. The absorption rate is assumed to be a function of hydraulic and
concentration gradients. The exchange of water and tracer between the matrix and macrochannels which, in
turn, a�ect tracer recovery and mass balance, appear to be a function of both the inferred soil structure and
rainfall intensity.
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